Abstract. When higher eukaryotic cells enter mitosis, membrane organization changes dramatically and traffic between membrane compartments is inhibited. Since membrane transport along microtubules is involved in secretion, endocytosis, and the positioning of organdies during interphase, we have explored whether the mitotic reorganization of membrane could involve a change in microtubule-based membrane transport. This question was examined by reconstituting organelle transport along microtubules in Xenopus egg extracts, which can be converted between interphase and metaphase states in vitro in the absence of protein synthesis. Interphase extracts support the microtubule-dependent formation of abundant polygonal networks of membrane tubules and the transport of small vesicles. In metaphase extracts, however, the plus end-and minus end-directed movements of vesicles along microtubules as well as the formation of tubular membrane networks are all reduced substantially. By fractionating the extracts into soluble and membrane components, we have shown that the cell cycle state of the supernatant determines the extent of microtubule-based membrane movement. Interphase but not metaphase Xenopus soluble factors also stimulate movement of membranes from a rat liver Golgi fraction. In contrast to above findings with organelle transport, the minus end-directed movements of microtubules on glass surfaces and of latex beads along microtubules are similar in interphase and metaphase extracts, suggesting that cytoplasmic dynein, the predominant soluble motor in frog extracts, retains its force-generating activity throughout the cell cycle. A change in the association of motors with membranes may therefore explain the differing levels of organdie transport activity in interphase and mitotic extracts. We propose that the regulation of organelle transport may contribute significantly to the changes in membrane structure and function observed during mitosis in living cells.
extends towards the plus ends of microtubules, which are generally located in the cell periphery (Lee et al., 1989; Lee and Chen, 1988) . Two microtubule-based motor proteins kinesin, which promotes plus end-directed movement (Vale et al., 1985a) , and cytoplasmic dynein, which powers minus end-directed movement (Paschal et al., 1987) , are thought to be good candidates for organdie transport motors (Schnapp and Reese, 1989; Schroer et al., 1988 Schroer et al., , 1989 Pfister et al., 1989) . These (or related) motor proteins may also generate the tubular configurations of the Golgi apparatus (Cooper et al., 1990) , the ER (Lee et al., 1989) , the intermediate (salvage) compartment (Lippincott-Schwartz et al., 1990) , and lysosomes (Swanson et al., 1987) . Consistent with this proposal, tubular lysosomes collapse when an antikinesin mAb is injected into the cytoplasm (Hollenbeck and Swanson, 1990) . Microtubule transport is also used to bring endosomes and lysosomes to the center of the cell for fusion (Bomsel et al., 1990; Gruenberg et al., 1989) and to deliver Golgi-derived vesicles to the cell periphery (Arnheiter et al., 1984; Cooper et al., 1990) . Taken together, these observations reveal the importance of microtubule-based organelle transport for organizing membrane compartments within the interphase cytoplasm.
During the transition from interphase to mitosis in higher eukaryotes, membrane organization changes dramatically. Concomitant with nuclear membrane breakdown, the Golgi apparatus fragments (Robbins and Gonatas, 1964; Colman et al., 1985) , and the Golgi remnants no longer interact with microtubules and become randomly distributed in the cytoplasm (Lucocq et al., 1989 ). This fragmentation process may be necessary in order for single copy organelles, such as the Golgi, to be partitioned equally between both daughter cells (Warren, 1985) . The extent to which the ER fragments during mitosis is somewhat variable in different cell types (Robbins and Gonatas, 1964; Zeligs and Wollman, 1979) . Like the Golgi apparatus, however, most ER components seem to be excluded from the spindle and aster regions in vertebrate cells (Robbins and Gonatas, 1964; Roos, 1973 (Berlin and Oliver, 1978) , and receptor-mediated endocytosis (Pypaert et al., 1987; Warren et al., 1984) . During telophase, these morphological and functional changes are reversed, and the interphase pattern of organelle-microtubule interactions begins to be reestablished.
The molecular basis of the changes in organelle structure and function during mitosis is unknown. One hypothesis is that membrane fusion is inhibited but membrane budding continues during mitosis, thereby leading to organelle fragmentation and inhibition of membrane traffic (Warren, 1985) . The reduction in endosomal fusion in metaphase versus interphase Xenopus extracts (Tuomikoski et al., 1989 ) is consistent with this hypothesis.
An inhibition of microtubule-based organelle transport during mitosis also could conceivably lead to a dispersion of organelles and an inhibition of membrane traffic. One way to test whether organelle transport is reduced during mitosis is to reconstitute organelle transport in extracts in which the cell cycle status can be controlled. An ideal system for such studies is the Xenopus laevis egg, extracts of which will undergo single (Lohka and Mailer, 1985) or multiple ) cell cycles in vitro. These extracts have proved useful for dissecting complex processes such as nuclear envelope breakdown (e.g., Newport, 1987; Newport and Spann, 1987) , mitotic inhibition of endosomal fusion (Tuomikoski et al., 1989) , and microtubule dynamics (Belmont et al., 1990; Verde et al., 1990), as well as for analyzing the regulatory mechanisms of the cell cycle itself (Murray and Kirschner, 1989; Nurse, 1990) . In this study, we find extensive tubular membrane network formation and vesicle movement in interphase, but not in mitotic extracts from Xenopus eggs. Thus, organelle transport along microtubules is regulated by a posttranslational switch that is controlled by the cell cycle.
Materials and Methods

Materials
Taxol was a gift from Dr. M. Suffness at the National Cancer Institute.
Monoclonal antibeta tubulin (YLI/2) was obtained from Amersham Corp. (Arlington, IL), and rhodamine-labeled goat anti-mouse IgG was obtained from Accurate Sci. Co. (Westburg, NY) 
Preparation of Xenopus Egg Extracts
Extracts arrested in metaphase of meiosis II by CSF were prepared as described . Interphase extracts were also prepared as described (Murray and Kirsclmer, 1989) , except that cycloheximide (100 #g/ml) was added during the final egg washes and the breakage step to ensure complete interphase arrest. Both extracts (,~75-90 mg/ml protein concentration) were stored in liquid nitrogen.
Meiotic extracts prepared from metaphase-arrested eggs were induced to enter interpbase by adding 1:50 vol of 20 mM CaC12, 100 mM KC1, 1 mM MgCI2 and cycloheximide to 100 ~g/ml (to inhibit cyclin synthesis), and incubating at 23°C for 30 rain. After addition of EGTA to 0.4 mM, the sample was transferred to ice. Interpbase extracts from activated eggs were induced to enter mitosis by incubating for 45 rain at 23°C with 1 mM of cyclinA90, a nondegradable sea urchin cyclin B lacking the NH2-terminai 90 amino acids . CyclinA90 was kindly supplied as purified bacterially expressed protein by Michael Glotzer (Department of Biochemistry, University of California at San Francisco).
Interphase and metaphase extracts were fractionated by centrifugation to yield crude organelles and high-speed supernatants as follows. The extracts were diluted on ice with 2 vol of acetate buffer (100 mM K-acetate, 3 mM Mg-acetate, 5 mM EGTA, 10 mM HEPES, pH 7.4, 150 mM sucrose) conraining an energy mix for replenishing nucleotide triphosphates (1 mM MgATP and 7.5 mM creatine phosphate). To prepare supernatants, the diluted extracts were centrifuged in an airfuge (Beckman Instruments, Palo Alto, CA) at 28 p.s.i, for 30 min at 4°C (final protein concentration 18-25 mg/ml). To prepare organelles, the diluted extract was layered over 50 #1 acetate buffer containing 300 mM sucrose plus energy mix and centrifuged as above. The organelle layer on top of the glycogen granule and ribosome pellet was resuspended in acetate buffer plus energy mix to 40% of the original extract volume.
The cell cycle state of extracts and supernatants was monitored routinely by assaying histone kinase activity and occasionally by examining the state of chromatin condensation in demembranated Xenopus sperm nuclei . Histone kinase activities are expressed throughout as pmol ATP incorporated per/~1 of undilnted extract per minute. Standardization by original extract volume rather than by protein concentration allows direct comparison of histone kinase activities in extracts with those in high speed supernatants.
Preparation of a Stacked Golgi Fraction from Rat Liver
A stacked Golgi fraction was prepared from male or female rat liver using the method described by Leelavathi et al. 0970 ) with the following modifications. Livers were homogenized in I rnl of 0.25 M sucrose in acetate buffer with I0 ~g/ml protease inhibitors per gram wet weight. Acetate buffer plus 1 ~g/ml protease inhibitors was used to make all other sucrose solutions. The smooth membrane fraction from the first gradient was made to 1.25 M sucrose and was then layered onto a 1.4 M sucrose cushion and overlaid with 1.1 and 0.25 M sucrose. The stacked Golgi membrane fraction ('~5 mg/ml) was collected from the 1.1 M/0.25 M sucrose interface and stored in liquid nitrogen.
Motility Assays
Motility was assayed in 6-8-/~i perfusion chambers as described (Vale and Toyoshima, 1988) , except that Scotch tape was used as a spacer between the slide and the coverslip. Motility assays were generally performed using 3/~I of crude extract diluted with 6/~l of acetate buffer, or with 8/d of highspeed supernatant combined with 0.S-1 #I of crude Xenopus organelles or rat liver Golgi fraction. In a few cases, 4 ttl of extract was diluted with 4 ~tl of 80 mM Pipes/KOH, 1 mM MgC12, 1 mM EGTA, pH 6.8. If a sample already in the perfusion chamber was exchanged, 15/~1 of new sample was flowed through to avoid dilution effects.
Unlike interpbase extracts, which spontaneously polymerize microtuhnles, metaphase extracts diluted in acetate buffer did not polymerize microtubules unless a small number of nucleating microtubule were supplied (see also Verde et al., 1990) . Nueleatin~ microtubules were therefore supplied to both interphase and metaphase extracts in one of two ways. (a) The glass surface of the chamber was first precoated with 20-fold diluted extract, and then a 100-250-ttg/ml solution of taxol-stabflized, bovine brain microtubules (prepared as described [Vale and Toyoshima, 1988] ) was perfused into the chamber and incubated at 23"C for 2 rain so that the microtubules bound to the coated glass surface. Unbound microtubules were washed out and the sample to be tested was flowed into the chamber. (b) Bovine microtubules (1.25 ~g/ml) were added directly to the extract to act as nucleation centers for the polymerization of endogenous tubulin. Both methods resulted in the formation of similar numbers of microtubules in interphase and metapbase extracts or extract supernatants and yielded equivalent results with respect to the membrane transport observations reported in this study. It should be noted that metepbase extracts contain an activity that severs taxol-stabilized, bovine microtubules (Vale, 1991) . The severed fragments, however, act as nucleating sites for polymerization of endogenous microtubules, which are more resistant to severing.
Organelle motility in the perfusion chamber remained active for at least 3 h at room temperature. Parallel incubations were performed in microcentrifuge tubes, and aliquots were taken for histone kinase assays at the times (indicated in the legend) when vesicle movement or tubule formation were assayed. The direction of vesicle movement was assayed using axunemenucleated microtubnies. Salt-washed, dynein-depleted axonemes, prepared from sea urchin sperm as described (Gibbons and Fronk, 1979) , were flowed into a perfusion chamber to which they adhered. When Xenopus extracts or supernatants were subsequently added, tubulin polymerized from only one end of the axuneme. This was determined to be the plus end by assaying the direction of movement of earboxylated beads coated with purified squid brain kinesin (Vale et al., 1985b) .
Soluble motor protein activity was assayed by preineubating carboxylated beads (0.11 prn; Polysciences no. 16688, diluted 1:100 from a 5% solid stock) in metaphase or interphase high-speed supernatant for 5 rain at 23"C. The bead mixture was flowed into a perfusion chamber containing microtubules formed during a prior 5-rain ineubatiun of axunemes with interphase or mitotic high-speed supernatant. MicrOtubule movement on glass in the presence of supernatants was performed as previously described (Vale et al., 1985a) .
Microscopy and Photography
Organdie motility was monitored by differential interference contrast microscopy (DIC) using a Zeiss Axioplan equipped with a 100 W mercury arc lamp, a 1.4 NA condensor and a 63×, 1.4 NA Planapoehromat objecfive. Images were projected onto the target ofa Hawamatsu Newvicon camera using a 1.25× or 1.6× opfivar and a 4× eyepiece. Contrast was enhanced with an Imaging Technology 151 processor, and images were recorded in real time using either a 3/4" U-matic Sony VO-5800H or a 1/2" Panasonic NV-8950 video recorder. Single frame images were stored digitally on an AT-based computer after capturing two-flame averages using the 151 image processor. Digital images were converted to Macintosh format, reduced or enlarged, and then mounted side-by-side using IMAGE 1.28 software, a public domain program. Final images were transferred to Panatomic-X film using IMAGEQ software and a Macintosh montage FILl film recorder.
Fluorescence microscopy was performed on a Zeiss Axioplan by illuminating the specimens with a 100 W mercury arc lamp and a 40x, 0.9
Figure L Tubular membrane network formation in interphase extracts. Interphase extracts incubated with micrombules in a microscope perfusion chamber for 20 min formed extensive tubular networks which are visualized in A by DIC microscopy. These tubules are membranous, as they are solubilized by flowing through acetate buffer containing 0.1% Triton X-100 and 20 tiM taxol, revealing microtubules bound to the glass coverslip (B). (Different, but typicai fields are shown in A and B). Tubular networks incorporated the lipophilic dye, DIOC6(3)(5 ttg/ml in acetate buffer), as shown by fluorescence microscopy (C). These interphase extracts, prepared from activated eggs, were incubated with microtubules as described in Materials and Methods. Bars, 5 ttm.
NA Plan-neoltuor multi-immersion objective through an epi-fiuorescence path. Images were recorded either directly onto 35 mm film or by using a Hamamatsu silicon-intensified target camera (C-2400) and storing single images as described above.
Data Analysis
All data analysis was performed on DIC images recorded onto video tape in real time. Rates of organelle and bead movement and of microtubule gliding on glass were obtained from video tape using an interactive AT-based computer program (Shcetz et ai., 1986) . The lengths of membrane tubules were measured first by recording >25 random video fields per sample (unless noted) onto video tape, and then tracing the networks manually from the monitor onto acetate sheets. The total length of tubules is expressed per 25 × 32 ttrn video field. Vesicle movements were quantitated either by counting movements on individual microtubules or by counting movements within a 10.8 × 13.8/tin video field. In both cases, microtubules were traced onto acetate sheets and their length measured as above. Movement is expressed as the number of movement events per rain per linear length (tan) of microtubules in the field of view.
EM
25 #1 of the rat liver stacked Golgi fraction was thawed and then fixed with 650/~1 of 2% EM grade glutaraldehyde and 1% acrolein in 120 mM cacodylate buffer (pH 7.4) on ice for 12 h. The fixed membranes were then centrifuged in 650 t~l SW 50.1 tubes with adaptors at 120,000 gay for 50 min at 4"C. The pellet was processed as described (Huttner et al., 1983) . Sections were viewed in a Joel 100c electron microscope.
Results
Preparation of lnterphase and Metaphase Extracts
Several types of egg extracts were used in these studies . Metaphase extracts were prepared from unfertilized Xenopus eggs stably arrested in metaphase of meiosis II by the cytostatic factor (CSF), which is the Xenopus form of the c-mos proto-oncogene (Sagata et al., 1989 ). When such eggs are fertilized or activated by electric shock, calcium influx leads to CSF degradation and progression into interphase. Extracts prepared from such activated eggs display many interphase characteristics . This interphase extract can be converted in vitro to a mitotic metaphase state by adding a nondegradable cyclin (cyclinA90), the protein responsible for initiating mitosis. Metaphase extracts prepared from CSF-arrested eggs can also be converted to an interphase state in vitro by adding calcium (to inactivate CSF) and cycloheximide (to prevent cyclin synthesis). The ability to manipulate an extract's cell cycle state in vitro enabled us in this study to compare the properties of interphase and metaphase states using an extract prepared from one batch of eggs. The cell cycle status of each extract was determined by measuring the phosphorylation of histone H1 (an activity of p34 c~c2 kinase in the extract).
For all experiments reported below, we find that metaphase extracts prepared from metaphase-arrested eggs or converted from interphase extracts in vitro behaved identically. Similarly, interphase extracts prepared either from activated eggs or converted in vitro from metaphase extracts produced indistinguishable results. We therefore refer in the text below to extracts as being metaphase or interphase; their exact method of preparation can be found in the figure and table legends. All extracts were prepared in the presence of cycloheximide except those made directly from metaphasearrested eggs. The latter extracts were therefore routinely incubated with cycloheximide for 30 min before an assay, although identical results were obtained in the absence of the drug.
Tubular Membranes Form in Interphase but Not in Metaphase Extracts
When interphase extracts were incubated with microtubules in a microscope perfusion chamber, an extensive network of tubules formed on top of the microtubule-coated glass coverslip within 30 rain (Fig. 1 A) . These tubular networks were solubilized by 0.1% Triton X-100 ( Fig. 1 B) and were labeled by the lipophilic dye DiOC6(3) (Fig. 1 C) , indicating that they are membranous structures. These tubular membrane networks were composed of polygons of tubules with threeway branch points, a pattern that resembles the structure of the ER in vivo (Lee and Chert, 1988) . The formation of similar tubular membrane networks has been observed in chicken embryo fibroblast extracts in the presence of microtubules (Dabora and Sheetz, 1988) .
Tubular membrane networks require microtubules for their genesis; either taxol-stabilized, bovine brain microtubules or endogenously polymerized, Xenopus microtubules will suffice for this process. Microtubules were supplied either by precoating the perfusion chamber with bovine microtubules and then flowing in extract, or by adding bovine microtubule fragments to the extract to stimulate endogenous polymerization. If no bovine microtubules were added and the extract was incubated with 20 #M colcemid to prevent the polymerization of endogenous tubulin, network formation did not take place.
Membrane tubules and networks were generated by a microtubule-based transport process. Membrane tubules, as observed by DIC microscopy, extended from large amorphous membranes attached to the glass by moving along microtubules (Fig. 2) at an average velocity of 1.45 #m/s (+ 0.2 SD). Small membrane vesicles (<0.2 #m) moved at a rate similar to that of membrane tubules (1.34 + 0.21 #rn/s), as was also observed in chick embryo fibroblast extracts (Dabora and Sheetz, 1988) . Several treatments that inhibit microtubule motors (Dabora and Sheetz, 1988; Vale et al., 1985a) , such as ATP depletion, AMP-PNP, and 250 #M vanadate, all inhibited formation of tubular membrane networks (Table I ) and vesicle movement in interphase extracts. Low concentrations of vanadate (25 #M) had little effect on network formation or vesicle movement. Treatment with 1 mM NEM reduced network formation while vesicle movement continued; treatment with 5 mM NEM blocked both activities.
In addition to the requirement for microtubules and motors, the formation of polygonal networks also appears to involve membrane fusion. An early step in the process seems to involve the fusion of the small vesicles to form larger membrane reservoirs from which tubules extended. The formarion of three-way branch points (Fig. 1 , A and C) as two tubules cross over also appears to be mediated by fusion, as previously reported and discussed (Dabora and Sheetz, 1988; Vale and Hotani, 1988) . Two potent inhibitors of membrane fusion in vitro (1 mM NEM; 40 #M GTP-yS) (Balch, 1989) impair membrane network formation (Table  I) , with no substantial effect upon the movement of small vesicles along microtubules. Having established that the membrane tubule formation in interphase extracts occurs by a microtubule-based motility process resembling that described by Dabora and Sheetz (1988) , we then examined whether a similar phenomenon Pharmacology of membrane network formation and vesicle movement in interphase extracts. An extract from metaphase-arrested eggs was converted to an interphase state (see Materials and Methods), diluted 1:1 with 80 mM Pipes, 1 mM MgCI2, and 1 mM EGTA, and flowed into a perfusion chamber precoated with bovine microtubules. Movement of vesicles and the formation of membrane tubule networks were observed by DIC microscopy and recorded onto video tape in real time. The total length of membrane tubules per video field was analyzed after a 5-rain incubation at 23 °C (6-12 fields per treatment). The rates of vesicle movement are the mean of 25-30 movements measured during a 5-10-min time period (:t:SD); 0 indicates that no movement was observed during this time interval. Sodium orthovanadate, EGTA, and AMP-PNP were each added to the extract just before flowing it into the chamber. To deplete endogenous ATP, the interphase extract was incubated with 5 U/ml apyrase for 30 min at 23°C. Incubations with NEM were performed for 10 min at 23°C followed by quenching with 15 mM DTT (which itself had no effect on tubule formation or vesicle movement) for 15 rain on ice. GTP3'S was preincubated with the extract for 40 min on ice.
occurs in metaphase extracts. In contrast to the results with interphase extracts, very little membrane network formation was observed in metaphase extracts, despite the presence of similar numbers of microtubules (Fig. 3) . Quantitation of network extent by measuring the total length of membrane tubules per video field revealed a 98 % reduction in tubule formation in metaphase when compared to interphase extracts (Table II) . When interphase and metaphase extracts were mixed in varying proportions, the amount of tubule formarion did not increase linearly with the amount of interphase extract; rather, a 25 % contribution of metaphase extract had a substantial inhibitory effect (data not shown). Also, in contrast to the interphase extracts, vesicle movements and membrane tubule extensions along microtubules were very rarely seen in metaphase extracts. It was difficult, however, to see small vesicles clearly due to the presence of large quantities of ribosomes and glycogen granules in the extracts, which degrade the DIC image. Quantitation of vesicle movements was therefore performed using supernatants and isolated membrane fractions, as described in the following section.
lnterphase but Not Mitotic Supernatants Stimulate Tubule Formation and the Movement of Small Vesicles from Isolated Membranes
To determine whether the lack of membrane-tubule formation in mitotic extracts was due to a property of the membrane, the cytosol, or both, metaphase and interphase extracts were separated by centrifugation into high-speed supernatants and organelle fractions, which were then mixed in different combinations. High-speed supernatants from either metaphase or interphase extracts contained very few small vesicles and Figure 3 . Tubular membrane network formation is inhibited in metaphase extracts. An interphase extract was prepared from activated eggs. One-half of the extract was converted to a metaphase state by incubating with cyclin&90, as described in Materials and Methods (B and D) . The other half of the extract went through a mock incubation and remained in an interphase state (A and C). Both extracts were diluted with 2 vol of acetate buffer and flowed into perfusion chambers precoated with bovine microtubules. After 20 min at 23"C, both sampies were labeled with DiOC~(3) (A and B) by first washing out excess extract with acetate buffer plus 20/~M taxol and then flowing through 5 t,g/ml DiOC6(3) in acetate buffer. After recording images, the microtubules in the same perfusion chambers were fixed with 1% paraformaldehyde, 0.01% glutaraldehyde in acetate buffer for 10 rain and then stained by sequential incubations (15 rain each) with an anti-B tubulin antibody (YLI/2) and a rhodamine-conjugated, antimouse secondary antibody (C and D). The interphase extract (A and C) formed extensive membrane networks, while the metaphase extract (B and D) did not, despite the presence of similar numbers of microtubules. All panels show different, but representative fields. Bar, 5 #m.
maintained histone kinase activities that were similar to those of the extract from which they were derived (see figure legends and Materials and Methods). The crude membrane fraction, prepared by centrifugation through a 300-mM sucrose cushion, was collected from the top of the pellet, which consisted mainly of ribosomes and glycogen granules. Removing these ribosomes and glycogen particles greatly improved the visualization of microtubules and small vesicles in the reconstituted assay. Neither the interphase nor metaphase membrane fraction was motile when incubated with microtubules in buffer plus ATP. When interphase supernatant was added to the interphase organelles, active vesicle movement and tubular mem- Comparison of tubular membrane network extent in interphase with that in metaphase extracts. Aliqnots from two different interphase extracts prepared from activated eggs (I and 2) were each treated with cyclinA90 (230C for 40 rain) to yield metaphase extracts (1 and 2). Each interphase extract and its corresponding metaphase extract was then diluted with 2 vol of acetate buffer and flowed into a perfusion chamber precoated with bovine microtubules. Membrane tubule length (25 fields per sample) was analyzed after a 10-min incubation, and the mean length per video field is expressed as t~m 5: SEM.
brane network formation were restored (Fig. 4 B , Table III ). The direction of these movements was analyzed on microtubules polymerized exclusively from the plus ends of saltextracted, sea urchin sperm axonemes (see Materials and Methods). The polarity of these microtubules was confirmed by demonstrating that carboxylated beads coated with squid kinesin (a plus end-directed motor) moved along these nucleated microtubules away from the axoneme. Vesicle movements were 68 % plus end directed and 32 % minus end directed (48 vesicles scored). In contrast, all tubules extended towards the microtubule minus end (n = 45). Minus end and plus end moving vesicles and minus end moving tubules were all transported at similar rates (1.93 + 0.13 t~m/s [+ SEM, n = 16], 2.40 5:0.30 #m/s [n = 6] and 1.75 5:0.15/~m/s [n = i6], respectively). Strikingly different results were obtained using the components from metaphase extracts. Metaphase organelles combined with metaphase supernatant moved along microtubules 16-fold less frequently (0.0001 movements//xm microtubule/ min: two vesicles counted over 21 min), as compared with the experiment described above in which interphase organcUes were combined with interphase supernatants (0.0016 movements//~m microtubule/min: 42 vesicles counted over 24 rain). In addition, membrane tubule formation was reduced by 500-1,000-fold in reactions containing metaphase supernatant and organelles compared with those containing interphase supernatants and organelles (Fig. 4 ~ Table HI) .
We next investigated whether the amount of tubular membrane network formation was determined by the cell cycle state of the supernatant or the membrane fraction. When metaphase membranes were incubated with an interphase supernatant, they formed extensive tubular membrane net- . A metaphase supernatant, however, was unable to promote membrane network formation when incubated with metaphase (F; M5 + Mo) or interphase organdies (E; Ms + Io). Interphase extract was prepared from activated eggs, and a portion of this extract was converted to a metaphase state by incubation with cyclinA90. The extracts were then used to prepare high-speed supematant and organelle fractions, as described in Materials and Methods. High-speed supernatants (14 /zl) were mixed with 2/zl of Xenopus organelles (or buffer) in a tube. 12/~1 of the mixture was flowed into a 6-/A chamber that had been precoated with bovine microtubules; the remainder was incubated at 23°C and assayed for histone kinase activity at 30 rain, the same time for which membrane tubule formation was assayed in the perfusion chamber. The histone kinase activities (pmol ATP//~I extract/min) were: A, 0.5; B, 0.3; C, 1.7; D, 7.6; E, 3.5; F, 8.1. Bar, 5/~m. works (Fig. 4 C ; Table HI), in some cases equal to those formed with interphase organelles (Fig. 4 B; Table III ). In contrast, the addition of interphase organelles to metaphase supernatant resulted in the formation of very few or no membrane tubules (Fig. 4 E ; Table liD. Although in both experiments the membranes affected the overall histone kinase activity, as has been observed previously , it was the cell cycle state of the supernatant that determined the extent of membrane tubule formation.
Since it has been postulated that the mitotic disassembly of organdies such as the Golgi apparatus occurs as a result of continued membrane budding in the absence of membrane fusion (Warren, 1985) , we tested whether a metaphase supernatant could fragment an interphase tubular membrane network. In this experiment, a tubular membrane network was first formed in a perfusion chamber by incubating interphase extract and microtubules for 20 min. After subsequent perfusion and incubation with a metaphase high-speed supernatant, no dissolution of the tubular network was observed (tubule length was 305.9 + 5.9 #m/field [+ SEM, n = 25] before and 282.8 + 8.7 #m/field [n = 25] after a 20-min incubation with metaphase supernatant). Similar resuits were obtained when a metaphase extract was used instead of a metaphase high-speed supernatant (data not shown). Metaphase supernatants and extracts are therefore unable to disassemble preexisting interphase tubular membrane networks.
Interphase but Not Mitotic Supernatants Support Microtubule-based Transport of Rat Liver Golgi Fraction Membranes
The results described above suggest that soluble factors present in the high-speed supernatant determine whether a membrane can move along microtubules. Since changes in organelle distribution during the cell cycle occur in a wide range of higher eukaryotes, it was of interest to know whether
Xenopus supernatant could promote motility of organdies from another species, and, if so, whether such motility is also under cell cycle control. As a source of exogenous membrane, a rat liver Golgi membrane fraction was used. This fraction contained stacked and single Golgi cisternae, secretory vesicles containing lipoprotein particles, numerous small vesicles with and without coats, and large electron-lucent membrane vesicles of unknown origin (Fig. 5 A) .
In the presence of Xenopus interphase supernatant, vesicles in the rat liver Golgi fraction moved very actively along microtubules, primarily in the plus end direction (78 %; n = 76 total vesicles counted). Again, the rates of minus end and plus end-directed movements were comparable (1.55 + 0.05 #m/s [+ SEM, n = 43] and 1.71 + 0.11 #m/s [n = 18], respectively). Unlike the Xenopus vesicles, the Golgi fraction membranes rarely released from microtubules once they were bound, and often moved for considerable distances, switching from one microtubule to another. After a 20-30- Movement of membranes from a rat fiver Golgi fraction promoted by either Xenopus interplmse or metaphase supernatants. Interphase extracts were prepared from activated eggs and a portion of this extract was converted to a metaphase state with cyelinA90. Triplicate motility assays were performed as described in the legend to Fig. 6 . The mean (+ SEM) length of membrane tubules per field (30-40 fields measured per assay) was determined after 60 rain. Vesicle movements per ~m microtuble fMT) per rain (mean + SEM) were determined afar a lO-min incubation. The values shown represent the mean (:i: SEM) from triplicate assays. In the three'interphase assays, 27 fields were analyzed, and 358 organelles moved over 1,080 s. In three metaphase assays, the 28 fields examined revealed only five moving organelles over a 1,160-s time period. The mean (+ SEM) histone kinase activities for the independent experimental determinations of membrane tubule formation and vesicle movements with interphase or metaphase supernatants are shown.
min incubation with the Xenopus interphase supernatant, membrane tubules began extending from aggregates of membrane attached to the glass surface (Fig. 5 B) . These tubules moved along microtubules in the same manner as Xenopus membrane tubules, and also fused with one another to form polygonal networks (Fig. 5 B) . Unlike the Xenopus membrane networks, the rat liver membrane tubules exhibited much less Brownian motion and appeared to be under greater tension. We were unable to determine the direction of tubule extension with respect to microtubule polarity, because microtubules nucleated from axonemes were obscured by polymerization of free, endogenous microtubules before membrane tubules began to extend. Neither tubule formation nor movement of vesicles in the Golgi fraction was seen in the absence of interphase extract, or if membranes were pretreated with trypsin. Thus, factors necessary for organelle transport in interphase Xenopus supernatants are able to interact with mammalian membranes and promote their movement along microtubules and their fusion to form tubular networks.
Consistent with the previous results using Xenopus membranes, movement of vesicles in the rat liver Golgi fraction along microtubules occurred 60-fold less frequently when they were combined with a Xenopus metaphase supernatant instead of an interphase supernatant (Table IV) . The infrequent number of vesicle movements made it difficult to assay directionality. However, from the absolute numbers of organelles moving in the presence ofinterphase (358 in 1,080 s) and metaphase (5 in 1,160 s) supernatants and from the percentage of minus and plus end movements with the interphase supernatant (78 % plus end), it is clear that both plus end and minus end-directed vesicle movements are reduced with metaphase supernatants. The total length of membrane tubules was also reduced ninefold (Fig. 5 c) , and no polygonal networks were seen in the presence of the metaphase supernatant. The majority of tubules that formed in the presence of metaphase supernatant were generated by a membrane simultaneously attaching to the glass surface and to a fixed point on a microtubule and then being stretched into a tubule as the microtubule moved across the glass surface.
In the presence of interphase supernatant, on the other hand, real-time observations convincingly revealed that membrane tubules form predominantly by moving actively along a microtubule.
Activity of Soluble Microtubule-based Motors
The lack of membrane tubule formation and vesicle movement in mitotic extracts or supernatants could be the consequence of an inhibition of force generation by microtubule motors. By analogy, phosphorylation has been shown to modulate the force-generating activity of smooth muscle and cytoplasmic myosins (Warwick and Spudich, 1987) . To explore this possibility, the soluble microtubule motor activity in the Xenopus supernatants was assayed by adsorbing motor proteins either onto glass surfaces, and measuring microtubule translocation over the surface, or onto carboxylated beads, and assaying bead movement along microtubules (Vale et al., 1985a,b) . In the presence of either metaphase or interphase supernatants, microtubules nucleated from axonemes always moved on glass with their plus ends leading, indicating a relative movement of motors towards the minus end (122 and 150 microtubules observed in interphase and metaphase supernatants, respectively). Microtubule translocation on glass occurred at approximately the same rate in interphase and metaphase supernatants (Table V) , and the number of moving microtubules in both cases was similar (not shown).
Carboxylated beads moved predominantly towards the microtubule minus end with interphase (92 %; n = 77 beads) or metaphase (97 %; n = 90 beads) supernatants. The rates of bead movement along microtubules, which were similar to the rates of membrane movement along microtubules, were comparable in interphase and metaphase supernatants (Table V) . Furthermore, the number of beads moving along microtubules was similar in the presence of interphase and metaphase supernatants (0.035 and 0.021 movements/#m microtubule/min, respectively; 100 beads counted in each case).
In conclusion, despite the vast difference in the amount of microtubule-based membrane transport activity stimulated by interphase and metaphase supernatants, various parameters of soluble microtubule motor activity are comparable in these two preparations.
Discussion
Cell Cycle Regulation of OrganeUe Transport In Vitro
We have used Xenopus egg extracts to study the cell cycle The directionality and velocities of vesicle, bead, and microtubule movements stimulated by interphas¢ or metaphase Xenopus supernatants. Supernatants were prepared as described in the Fig. 4 legend, with histone kinase activities of 0.76 and 7.75 pmol phosphate/td extract/rain for interpha~ and metaphas¢ supernatants, respectively. (These values apply only to the first two rows of the table.) Total number of movements assayed for directionality: rnlcrotubule gliding, interphase and metaphas¢, 122 and 150, respectively; bead movements, interphase and metaphase, 77 and 90, respectively. Minus and plus indicate the direction of movement along the rnierotubule. Organelle motility assays are described in the text and Materials and Methods.
control of microtubule-based organelle transport and membrane tubule formation in vitro. Interphase extracts support abundant vesicle movement and membrane tubule extension along microtubules, whereas such processes are greatly reduced in metaphase extracts. These findings were substantiated using interphase and metaphase extracts prepared by different means, indicating that the level of organelle transport is truly cell cycle regulated. Extracts prepared from activated eggs that have entered interphase of their first cell cycle show considerable organdie transport activity, but after the addition of cyclin, which elevates p34 cd¢2 kinase activity, membrane transport in this same extract drops precipitously. Extracts prepared from eggs arrested in the second meiotic metaphase also have high levels of p34 ¢d°2 kinase activity, but low levels of organelle transport along microtubules. Degradation of the endogenous cyclin in this meiotic extract after calcium addition, leads to a decrease in p34 ¢~2 activity and a concomitant increase in organdie transport. The above experiments in which an extract was converted to the opposite cell cycle state were performed in the presence of cycloheximide, indicating that the control of organelte transport must occur through a posttranslational mechanism. Since many mitotic and meiotic changes are controlled by p34 ~d' 2 kinase (reviewed by Moreno and Nurse, 1990) , it seems plausible that the mitotic inhibition of organelle transport may also be mediated by phosphorylations produced by p34 ~da kinase or by kinases downstream of p34 ~2.
The cell cycle regulation of microtubule-based membrane transport appears to encompass a wide variety of organdies. The movements of two different types of Xenopus membranes, the membrane tubules, which move exclusively towards the microtubule minus end, and the small vesicles, which move primarily towards the plus end, are both lower in metaphase than in interphase extracts. This cell cycle regulation also extends to mammalian membranes (a rat liver Golgi fraction), which show considerable microtubule-based movement in the presence of interphase but not metaphase Xenopus supernatants.
The precise identities of the organelles that move in these assays have not been ascertained. The tubular membrane networks observed in the Xenopus extracts resemble the morphology of the ER in vivo (Terasaki et al., 1986; Lee and Chen, 1988) and of a putative ER network observed in extracts of chick tibroblasts (Dabora and Sheetz, 1988) . Like the ER (Terasaki et al., 1986) , the Xenopus membrane tubules are brightly labeled with DiOC6(3), although this lipophilic membrane dye cannot be regarded as an exclusive marker for the ER membrane. In contrast to the ER, however, which is thought to reach the cell periphery by moving along microtubules in the plus end direction (Lee et al., 1989) , the Xenopus membrane tubules all move towards the microtubule minus end in our in vitro assay. We have also observed the formation of membrane tubules in the rat liver Golgi fraction. The trans-Golgi extends tubules in a microtubule-dependent manner in vivo (Cooper et al., 1990) , and it is possible that we are observing this same process in vitro. However, since many other organelles have been shown recently to extend tubules in cells (Hopkins et al., 1990; Lee and Chen, 1988; Lippincott-Schwartz et al., 1990; Swanson et al., 1987) , we are now using organelle-specific antibodies to establish the identity of the membrane tubules that form in these in vitro assays.
Previous studies have shown that certain membrane fusion reactions are inhibited during mitosis (Tuomikoski et al., 1989) . Inhibition of membrane fusion may impair the formation of membrane-tubule networks during mitosis, but this possibility was not directly assayed in the present study. Inhibition of membrane fusion in the presence of continued vesicle budding has also been proposed as the mechanism responsible for Golgi fragmentation during mitosis (Warren, 1985) . If similar processes were to occur in Xenopus mitotic extracts, then metaphase extracts might be expected to disassemble Xenopus interphase tubular membrane networks. No destabilization of previously assembled membranes was observed, however, when they were incubated with metaphase supernatants or extracts.
Cell Cycle Control of Microtubule-Membrane Interactions In Vivo
What happens to microtubule-based organelle transport during mitosis in vivo is not fully understood. Consistent with our in vitro findings, several results suggest that membrane binding to and transport along microtubules is diminished during mitosis in living cells. The interphase Golgi apparatus, for instance, moves toward the minus ends of microtubules, probably through the actions of cytoplasmic dynein (Ho et al., 1989) , but the fragmented, mitotic Golgi does not appear to interact with microtubules (Lucocq et al., 1989; Robbins and Gonatas, 1964) . Similarly, mitochondria, endosomes, lysosomes, and secretory granules are scattered throughout the cytoplasm during mitosis and do not appear to be microtubule associated (Lucocq et al., 1989; Matteoni andKreis, 1987; Rebhun, 1972; Robbins and Gonatas, 1964; Tooze and Burke, 1987) . Many studies have also shown that membrane traffic through the secretory and the endocytic pathways is inhibited during mitosis (Berlin and Oliver, 1978; Ceriotti and Colman, 1989; Featherstone et al., 1985; Pypaert et al., 1987; Warren et al., 1983 Warren et al., , 1984 . Such inhibition is generally attributed to an inhibition of fusion of transport vesicles between membrane compartments. However, since microtubules and motors are believed to play important roles in delivering vesicles to the cell surface (Vale, 1987) andinmembrane fusion reactions (Bomsel etal., 1990) , an inhibition of microtubule-based vesicle transport and tubule formation may contribute to the diminished transport through the secretory pathway during mitosis.
Several studies documenting extensive organelle transport along microtubules of the mitotic apparatus contradict the notion that membrane-microtubule interactions decrease during mitosis. The majority of these studies have come from invertebrate cells, such as the sea urchin egg (Rebhun, 1964 (Rebhun, , 1972 and Haemanthus (Jackson and Doyle, 1982) .
Electron micrographic studies have also documented associations between the ER and astral and spindle microtubules (reviewed by Hepler and Wolniak, 1984) . This spindleassociated ER may play an important role in regulating calcium concentration around the mitotic apparatus.
The variation in the reports of membrane movements and locations during mitosis are difficult to reconcile. Some of the variability may reflect species differences, since the majority of studies documenting movement of membrane along astral and spindle microtubules have used invertebrate eggs. Much of the EM data is also difficult to interpret, since it does not reveal whether membrane is indeed moving on microtubules. The issues of dynamic membrane-microtubule interactions and transport during mitosis are clearly worth reexploring quantitatively in several cell types using modern methods of video-enhanced contrast microscopy. Our results predict that microtubule-based organelle transport in vertebrate cells would be reduced but not completely abolished when cells enter mitosis.
Mechanism for Cell Cycle Control of Membrane Movement and Tubule Formation
Fish melanophores regulate the direction of their microtubule-dependent granule movements through a cAMP-dependent process (Rozdzial and Haimo, 1986) , but the mechanisms for controlling organelle transport in other cell types are largely unknown. A substantial decrease in cytoplasmic pH causes endosomes and lysosomes to reverse their direction of movement (Heuser, 1989) , but acidification is unlikely to be a physiological means of controlling transport. This study documents one physiological cue, the interphasemitosis transition, that regulates the movement of a variety of organelles. Both minus end and plus end-directed transport of organdies along microtubules are reduced in metaphase extracts, indicating that two different microtubule motor systems are controlled by the cell cycle.
The targets of the cell cycle-dependent, posttranslational modifications that regulate organelle transport are unknown, although several possibilities exist. The first candidates are the motor proteins themselves. Both kinesin and cytoplasmic dynein, which are likely organeUe transport motors, have force-generating domains at one end of the molecule and a domain at the opposite end that may attach to organelles or a microtubule (Vale, 1991) . Either domain of the molecule is a potential site of regulation. The attachment of the motor to the organelle is also thought to involve an integral membrane receptor (as yet unidentified) and perhaps other "accessory" factors that may mediate the docking reaction or may activate membrane-bound motors (Schroer et al., 1988 (Schroer et al., , 1989 Schnapp and Reese, 1989) . Finally, the microtubules or microtubule-associated proteins may become modified so as to inhibit the motility of motors along the microtubule substrate.
Our evidence suggests that the force-generating activities of cytoplasmic dynein, the predominant soluble motor in Xenopus egg extracts (see also Belmont et al., 1990) , are not greatly altered during the cell cycle, at least as determined by assaying microtubule gliding on glass and bead movements along microtubules. This finding suggests that the force-generating elements of the system (the motor domain of dynein and the microtubule) are not the components being modified by the cell cycle. Owing to the paucity of kinesininduced bead movements, our data does not address whether this motor's force-generating activity is cell cycle-controlled. It is also conceivable that the retrograde motor used for organelle transport is different from the one whose activity is measured in the soluble fraction. Despite these reservations, we feel that the interaction between motor and membrane is probably the site of cell cycle regulation. Indeed, the amount of membrane binding to microtubules is greatly reduced in metaphase extracts, suggesting that some membrane-microtubule link (possibly the motor) is inactivated. Such repression could be effected through modification of the motor's membrane-binding domain, the accessory proteins, or the membrane motor receptor. Our data does not distinguish between these possibilities.
During mitosis, motors may become dissociated from organelles and then recruited for other functions, such as constructing the mitotic spindle or moving chromosomes. The immunofluorescence localization of cytoplasmic dynein in interphase and mitosis is consistent with this overall hypothesis. During interphase, cytoplasmic dynein is found throughout the cytoplasm on punctate structures, which are thought to be membranous organelles (Pfarr et al., 1990; Steuer et al., 1990) . During prophase and prometaphase, this staining is lost, and dynein localizes to kinetochores, spindle poles, and spindle microtubules (Pfarr et al., 1990; Steuer et al., 1990) . A change in the activity of cytoplasmic dynein between interphase and mitosis is also suggested by the work of Verde et al. (1991) , who found that this motor promotes the aggregation of microtubules into aster structures in metaphase, but not in interphase frog egg extracts. These findings, together with the results described in this paper, suggest that the cell cycle alters the repertoire of functions served by cytoplasmic motors. The in vitro assays described here should prove useful in further dissecting the molecular mechanism that mediates the cell cycle control of microtubule motors.
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